An abundance of soil organic carbon (SOC) generally enhances the quality of lands for agriculture or forestry. Concentration of SOC varies in accordance to the type of land use, the inputs to the soil, and natural factors including climate and vegetation. SOC is vital for sustaining agricultural productivity which chiefly depends on both the inherent soil type and crop management practices affecting depletion or replenishment of organic matter over the years. Assessment of SOC concentration is a characteristic measurement of evaluating soil quality and the carbon sequestration potential of agricultural land. This study aims to assess SOC distribution on selected farmlands of Nepal's mid-hills, where farmers have adopted sustainable soil management practices in non-irrigable hill terraces ("Bari" land) in comparison with those of surrounding Bari and forests where no such interventions are made. Thus the present study estimated SOC content of three types of land use -farmland with sustainable soil management practices (SSMP), farmland without sustainable management practices (Non-SSMP) and the community managed forest in four mountain districts of Nepal, namely Baglung, Dhading, Kavre and Okhaldhunga. This study found the average SOC stocks in the SSMP land in the range of 20 -44 Mgha -1 ,those in non-SSMP agricultural areas 15 to 48 Mgha -1 , and in the forested land 16 to 23 Mgha -1 . In general, the abundance of SOC stocks are in the order of SSM>Non-SSM>Forests. The analysis indicates the high potential for carbon sequestration in hill agriculture lands through sustainable soil management.
Introduction
Agriculture lands rich in soil organic matter have important productivity and resilience benefits. These benefits include improvement in soil quality, increase in use-efficiency of inputs, reduction in soil erosion and sedimentation, and decrease in non-point source pollution. Lal (2004b) points out that soil organic carbon generally depletes through: (1) the long-term use of extractive and intensive farming practices, and (2) the conversion of natural ecosystems (such as forest lands, prairie lands, and steppes) into croplands and grazing lands. Such a conversion depletes the soil organic carbon pool by increasing the rate of conversion of soil organic matter to carbon dioxide (CO2), thereby reducing the input of biomass carbon and accentuating losses by erosion.
Being an agriculture-dominated country, a significant number of mountain farmers in Nepal have used farmyard manure (FYM) as the major source of plant nutrients based on traditional knowledge and techniques followed for generations. In the past, this contributed to the maintenance of a balanced inputoutput ratio of soil organic matter. According to Maskey et al. (2002) , the majority of farmers (> 85%) apply farmyard manure and/or compost in their fields. Gami et al. (2001) and Upadhyay et al. (2005) observed a decline in the soil organic carbon stocks due to changes in land use, intensive cultivation, and poor management of manure. A review by Dahal & Bajracharya (2011) also revealed that in recent years, majority of farmers have switched to conventional usage of chemical fertilizers and intensified cropping systems as much as 3 or 4 crops per year, though a significant of farmers still rely upon compost or FYM, made of forest litter, crop residues as well as animal manure to replenish croplands, and followed a less intensive and more sustainable fallow farming system, producing only two crops in an annual cropping cycle. Atreya et al. (2006) reported that soil erosion and intensive tillage in mid-mountain farmlands of Nepal led to a loss of soil organic carbon (SOC) 188 Kg ha -1 y -1 in the farmlands under conventional tillage practice while the same was 126 Kg ha -1 y -1 under non-conventional tillage practice. The study also noted that reduced tillage could be a viable strategy to reduce SOC loss, and thereby, reducing carbon dioxide (CO 2 ) emissions while saving plant nutrients in the soil. Sitaula et al. (2004) confirmed that SOC loss due to soil erosion is the major source of CO 2 emissions from soil. This implies that control of soil erosion from farmlands is important in reducing SOC losses eventually then emissions of CO 2 .
Likewise, Shrestha et al. (2004) reported similar results in a mountain watershed of Nepal, and related SOC to FYM input by the farmers. The growth and function of vegetation depends on the availability of plant nutrients in the soil, whilst SOC distributions depend on the input received from the vegetation grown. The input can be from above-ground leaf litter and/or the below-ground ûne roots (Bloomûeld et al. 1996) and their decomposition rates are governed by microbial activity. The chemical composition of vegetation determines the residence time of organic carbon in the terrestrial ecosystem (Rasse et al. 2006) . High SOC is a characteristic of soil conditions and structure that create a favorable habitat for plants. Singh (2007) estimated total stocks of organic carbon in aboveground and below-ground in the three Indian Himalayan states, namely, Jammu Kashmir, Uttarakhand and Himachal Pradesh, to be around 700 metric ton C ha -1 . Bajracharya (2002) noticed that there has been a notable shift in recent cropping patterns due to increasing food and cash-crop demands along with availability of agro-chemicals though supplies are often interrupted. This has led to diminishing productivity and fertility of arable lands. The main reasons for low yields are believed to be the lack of replenishment of soil organic matter and soil nutrients, and inadequate or inappropriate use of fertilizers (Bajracharya 2002 , Regmi et al. 2005 , Karki 2006 ).
Unlike the conventional agricultural practices that often lead to impoverishment of soil quality and reduced productivity of lands, locally improved techniques such as sustainable soil management practices, adopted by farmers in selected parts of mountain districts of Nepal, are reported to be a remedy to the problems of fertility and productivity decline (SSMP, 2009) . Some key features of the sustainable soil management (SSM) approach (SSMP 2009) are reported as follows: a) Improvement in the quality of farm yard manure (FYM) through a five step action plan: i) maintenance of a well-managed heap or pit properly protected from the sun using a protective cover, usually plastic, bamboo or foliage roof; ii) protection from the rain, run-in and run-on water; iii) proper drainage, collection, and storage of cattle urine through simple redesign to, or improvement of, the cattle shed; iv) regular aeration of the FYM through use of a prod or pole, and maintenance of the FYM in a slightly moist condition before carrying it to the field; v) no exposure to the sun of the small FYM heaps in the field prior to application -again covering is crucial. b) The use of cattle urine as a fertilizer, plant tonic and bio-pesticide. c) The combining of the above practices with inclusion of legumes, fodder, and forage plants into the rotation. d) The incorporation of vegetables and other cash crops into the cropping systems. 
Methodology
Farm fields were sampled for collection of soil (core and composite) samples from 0-15, 15-30, 30-60, and 60-100 cm depths, or down to the bed rock from three types of land: non-irrigable agriculture land (bari) with sustainable soil management practices (SSMP), bari with conventional soil management practices (Non-SSMP) and community managed forests (local forest). Bari or rain-fed upland terraces where SSM practices were performed were first chosen. As control sites, surrounding bari lands were chosen where no-SSM practices were performed. Likewise, samples were taken from the forests on which the SSM practicing households depend for their household, livestock and farm needs. The sampled points were recorded using handheld GPS (geographic positioning system) equipment for reference, and permitting the sites to be re-sampled in the future.
Selection of research sites
Among the 15 SSM programme districts where the Helvetas-Intercooperation-funded Sustainable Soil Management Programme (SSMP) was implemented, Baglung, Dhading, Kavre and Okhaldhunga districts were chosen for this study. The purpose of selecting these also to capture optimum geographical coverage along the mountain region where a significant population size of farmers who are dependent on bari (non-irrigable upland agriculture lands) still exists. One VDC (village development committee) of each district was chosen for sampling where clusters of SSMpracticing households exist. The information and database from the Helvetas Swiss Intercooperationfunded Sustainable Soil Management Programme (SSMP) were instrumental in identifying the research plots. The database included the names of farmers, location, type of land, and the years of participation in the programme. Once the SSM plots were identified, the non-SSM and forests plots were chosen locally taking SSM plots as a reference.
Field sampling methods and size
Soil samples were collected and analyzed systematically from the three categories of landnamely, SSMP farmlands, conventional farmlands (non-SSMP), and community-managed forest in the four districts of Nepal. The land categories were characterized by measurement of three major parameters: SOC, bulk density and soil type. During sample collection, details of soil profile, field conditions and GPS locations of the site were recorded. The collected soil samples from each farm plot were tested at the ISO accredited Aquatic Ecology Centre Soil and Water Analysis Laboratory at Kathmandu University using standard methods. Statistical data analysis techniques (ANOVA, correlation, regression) were employed to interpret the results.
All together 127 samples were collected from four districts (Table 1 ). In each of these districts, three plots were identified in SSMP, non-SSMP and forestlands. For each plot, there were four replications of 1m depth or down to rock whichever came first. Of the 1m thickness of soil, four layers were sampled, 0-15cm, 15-30cm, 30-60cm and 60-100cm. Thus, the total sample size was the product of 4 districts*3 plots*4 replications*4 layers, a total of 192. While collecting actual samples, however, only 127 were available because a number of sampled plots were of shallow depth, far less than the maximum depth of 100 cm. In fact, the average thickness of the majority of the selected forest plots were up to 30 cm whereas those in SSMP and non-SSMP were up to 60cm. 
Calculation of soil carbon pool
The total pool of soil carbon (TPSC) is expressed as Mega grams per hectare for a specific depth, and was computed as a product of C concentration, bulk density, and depth (Pearson et al. 2007) as follows:
Where TPSC = total soil carbon pool, Mg ha -1 , SC = concentration of soil C, gkg -1 soil, BD = bulk density, gcm -3 , and SD = soil depth, m. In addition to other essential properties, soil bulk density and carbon concentration were assessed. The carbon stocks in the soil profiles under different land uses were then estimated. The findings were analyzed in comparison with those of similar other studies in the past such as the one by Bajracharya & Atreya (2007) .
Results and analysis
In this section, analyses of the results are interpreted in terms of soil bulk density, SOC concentration and estimation of SOC stocks (volume) in the respective sampled plots. Correlation of SOC distribution with respect to physical and chemical characteristics of soils, namely, soil texture (clay, silt & sand), pH value, conductivity and potassium (K) were performed. These results are compared with relevant past studies published in various journals and conference proceedings as applicable.
Soil bulk density
Soil bulk density (BD) indicates compactness of soil which is essential to estimate SOC volume. Of the sampled plots, the mean BD was 1.2gcm -3 while the minimum and maximum values were 0.79gcm -3 and 1.56gcm -3 . Among the three land categories -SSMP, Non-SSMP and forest, the mean BD was essentially the same for SSMP and Non-SSMP with the values of 1.25gcm -3 and 1.23gcm -3 , but lower in the forest soils with 1.11gcm -3 . This implies that soils were more compact in the agricultural lands compared to those of adjacent forests. Also, lower BD in the surface layer forest soils can be expected due to higher SOM contents compared to agricultural soils. Analysis of the samples also confirmed a steady increase of BD values from top to bottom layers with 1.17, 1.19, 1.25 and 1.28 gm/cm-3 , respectively from 0-15, 15-30, 30-60 and 60-100 cm depths. This is consistent with general principles of soil compactness -the deeper the layer the denser the soil.
The mean BD values among the SSMP, Non-SSMP and forest are 1.17, 1.21 and 1.13gcm-3 respectively. This indicates that the soils of the top layer in SSMP and forest are less compact than non-SSMP. However, in the deeper layers, the BD (or compactness) of SSMP soils is higher than non-SSMP and forest. This was likely due to the fact that the effect of SSM practices was limited to the topsoil, but these effects were not seen at greater depths in the profile.
Spatial distribution of SOC
Analysis of the SOC survey data revealed that the mean concentration of SOC across the sampled plots was 1.5%. Among the three categories of land use, the mean SOC is highest in the SSMP plots (1.7%) followed by the forest plots (1.3%), and then the non-SSMP plots (1.2%). Based on individual samples, the highest concentration (3.68%) was observed in an SSMP plot while the lowest (0.19%) was noted in a non-SSMP plot. There was a steady decline of SOC concentration from surface to deeper layers as recorded in table 2. The mean concentration of the 0-15 cm layer is 1.85%; this declines to 1.13% at the lower layer of 60-100cm. The rapid decrease of the sample count towards the lower layers was evident in the case of forest soils where the majority of plots are less than 30 cm depth. The count of forests samples from 0-15 cm layer to 30-60 cm layer dropped from 14 to 3 indicating the shallow nature of the forest soils. Furthermore, no forest soil samples were taken in the 60-100 cm layer in forest. For the SSMP and non-SSMP plots, the number of samples recorded for the deepest layer (60-100 cm) was nearly half that of the top layers.
SOC concentration was generally higher in the forest top soils compared to agriculture land, although the , and 16 -23 Mgha -1 , respectively. There were significant differences of SOC stocks across four depth layers from 0cm to 100cm. However, the orders of differences were non-uniform. In the case of the top layer (0-15cm), the SOC stocks in SSMP ranged between . In general, the order of richness of SOC stocks was SSM>Non-SSM>Forests with few exceptions (Table 3 ). This was also true among soil layers as the majority of sampled sites showed higher SOC levels than the respective lower one.
Of the 100 cm depth of soil, which was categorized into four layers (0-15 cm, 15-30 cm, 30-60 cm and 60-100cm from the top), SOC pools, as anticipated, again generally followed the trend of being high in the top layers, and, gradually decreasing to the deeper layer or higher depth. However, there were a few exceptions, possibly due to mixing and incorporation of organic matter during tillage or terrace formation. respectively which is a significant difference. Thus, the spatial distribution of different land uses was also reûected in the SOC pools. Table 4 shows the SOC correlations with other physical and chemical parameters -namely, bulk density (BD), soil moisture content (SMC), cation exchange capacity (CEC), soil texture (clay, sand, silt), pH, potassium (K) and soil depth. The correlation chart reveals that the correlation between SOC abundance and clay-rich soil is highly significant, and analyses clearly show a significant positive correlation of SOC concentration with pH value. This indicates that higher SOC concentrations have a beneficial effect on soil pH. Likewise, there are significant positive correlations of cation exchange capacity and potassium with SOC, indicating that higher SOC levels have a positive effect on CEC and potassium content.
Correlations between SOC and key soil characteristics
On the other side, there is significant negative correlation of depth and SOC concentration, clearly indicating that the deeper soil layers have lower SOC. This is as expected since organic matter move down rather slowly to the deeper soil profile. On the contrary, SOC concentration declines in sandy soils as reflected by the highly significant negative correlation with sandy soils. This reflects the fact that SOC tends to accumulate in clay soils. In relation to potassium distribution, a significant positive correlation with SOC was observed, presumably because the potassium, a highly mobile ion, attaches itself to the exchange sites of the organic matter.
The results presented in the table 4 demonstrate significant correlations of SOC with other major chemical and physical parameters, which are preferable for agriculture soil. The abundant SOC of a soil naturally enhances CEC and neutralizes pH level. The negatively significant correlations of SOC with bulk density indicate that rich SOC make soil friable and less compact, which is a desirable condition for agricultural land. However, the SOC impacts on soil moisture content (SMC) could not be established as there is no significant correlation between SMC and SOC.
Resutls and Discussion
The key finding of this study is the distribution scenario of SOC stocks across the four hill districts of Nepal. Analysis by district wise shows that all SSMP lands hold higher SOC stocks compared to non-SSMP and forests soils in all districts. One important point noticed through this analysis is the difference between SOC concentration and SOC stocks. SOC pools or stocks represent the total volume of organic carbon stored in the given depth per unit area of land, while the concentration of SOC measures its richness in the given sample as expressed in % or gkg -1 . SOC stocks are thus the product of SOC concentration, and area, and depth of the sample. In the case of forests, despite high SOC concentration, the stocks were lower than the other two land use types -this is mainly because of the shallow soil depth of forest areas which are often limited to steep mountain slopes. On the contrary, the SOC stocks are high in agriculture soils, despite lower concentrations of SOC compared to the forests, mainly because of greater soil depth. In forests, most of the samples were available only up to 30 cm (or two layers), while the majority of agriculture lands had three layers of samples (up to 60 cm), and some up to 100 cm.
The range of SOC stocks in different landuse and land management categories is close to the findings of similar past studies conducted in the hilly regions. Bajracharya et al (2004) estimated SOC stocks in the mid-hills of Nepal at approximately 423.7 Mt C; the study also found SOC concentration lower in the nonirrigable upland or bari which was between 1 and 2%.
In the irrigable land, however, the SOC concentration was somewhat higher in the range between 1.5 to 2.6%. The study also shows the concentration of SOC in forest and shrub land (2.0% and 2.3% respectively) higher than those of cultivated land in the top layer (1-30 cm). Shrestha & Singh (2008) found higher SOC stocks in the rain-fed upland (bari) compared to irrigated low land (khet), which is attributed primarily to fertilizer and FYM inputs by the farmers as they tend to apply more FYM to bari lands due to the proximity to their homesteads. The same study which was conducted in Pokhare Khola Watershed found SOC stocks in the non-irrigable upland (bari) in the order of 15.7 ± 1.5 kg C m -2 . The study also compared the stocks among various land use types and found the results in the order of bari>dense forest>khet>mix forest>degraded forest. Depth wise, the total SOC stock in the whole watershed was distributed through the profile as follows: 36%, 32%, and 32% in the 0-20, 20-40, and >40 cm depth range respectively.
A study by Bajracharya et al (2007) substantiated the prospect of benefiting Nepali farmers from SSM practices by estimating total SOC in upland agriculture lands of Nepal. The study put the final figure of total SOC to be around 37.8 million metric ton, which is based on CBS data (2003) that shows total upland agricultural land in Nepal covers a little more than one million hectares. To calculate the total amount of SOC stored in the hills, the land area was multiplied by the average carbon density. The study also put the figures of market value of the SOC to be between US $ 4.43 and 7.25 million on the basis of a rate of US$ 2.5 per ton C. Further to this study, Bajracharya & Sherchan (2009) pointed out that restoring SOC along with other nutrients in the mountain agriculture lands of the Himalaya is essential for food security as well as reducing greenhouse gas emissions from soils. Temperature and moisture, which vary with altitude, are major climatic factors responsible for determining the decomposition rate of organic carbon (Amundson 2001) . Chhabra et al. (2003) reported SOC stocks (1m depth) in Indian forests between 70 Mg ha -1 to 162 Mg ha -1 , which are significantly higher than those found in this study (16 to 23 Mgh -1 ). The differences may be attributed to the shallow soil of Nepali forest ecosystems selected for this study, which are mostly within 30 cm depth and only few up to 60 cm. Bajracharya (2006) estimated that nearly 80% of the demand of chemical fertilizers and pesticides can be reduced through applications of farmyard manure and compost along with urine collection and application and the use of organic bio-pesticides. This study revealed that in the 15 programme districts, where the average land holding is 0.62 hectare, the total amount of SOC stored in the SSMP improved FYM household's land has been estimated as ranging from 1.77 million tons to 2.90 million tons. Intensive tillage and continuous removal of biomass from agricultural fields often lead to gradual decline of SOC. Beyond the local and national scale, Lal (2004a) recommended for adoption of recommended management practices (RMPs) for reducing soil losses from degraded soils. Furthermore, the study revealed that technical potential of soil organic carbon sequestration through adoption of RMPs for world cropland soils (1.5 billion hectares) is 0.4 billion to 1.2 billion metric ton of carbon per year.
Thus, enhancing soil organic carbon involves adding the maximum amount of soil organic matter to the soil. SSMP is one such approach for converting degraded soils into restored land that also contributes to increasing the soil carbon pool. While no single technology is appropriate for all soils, climates, or cropping and farming systems, the goal then should be to identify site-specific technologies that create a positive soil carbon budget. For example, ICIMOD (2008) have enlisted 9 different approaches of improved agro-practice management and 21 technologies as effective ways for improving livelihood of low income farmers of mid hill Nepal, but the same are not analyzed from the perspective of GHG gas emissions.
In the Nepal, mountain farmers traditionally use locally prepared compost and manure, from forest litter, agricultural waste and animal dung, in a regular manner and this enriches the soil organic carbon. In the rainfed agriculture land of hill regions, the replenishment of soil organic matter is usually poor where farmers tend to harvest crop grain along with straw leaving behind only roots. Gradual loss of SOC contents lead to impoverishment of the soil. Removal of SOC from a soil ultimately leads to the emission of CO 2 into the atmosphere. Contrary to this, inputs of biomass in the forms of farmyard manure consisting of forest litters, agricultural waste and animal dung contributes to enhanced soil organic matter levels. SOC is essentially the decomposed biomass of plant and animal material transformed and assimilated within the soil over years.
This study confirms that SOC stocks are higher in Bari lands compared to forested areas, and follow the order SSMP>non-SSMP>forest. Among the layers, the SOC stock was highest in the top layer followed by second, third and forth lower layers. The SOC distribution had significant correlations with clay content, potassium and pH value of the soil. However, the SOC abundance was negatively correlated with bulk density, sand content and depth. The study confirmed that well managed bari lands with SSMP approaches can be more effective than conventional farming practices in accumulating organic carbon in the soil.
Analysis of SOC pools between Bari with and without SSM practices revealed that the former consists of higher SOC stocks than the latter. The forested land had the least total SOC stock despite generally higher SOC contents in the surface layer (topsoil) -this is due to shallow soil depth. Among the three land types, the mean SOC concentration was highest in SSMP areas (1.7%), followed by the forested areas (1.3%), and the non-SSMP areas (1.2%). Likewise, the SOC stocks in the top layer (0-15cm) were between 22 Mgha-1 and 47 Mgha-1 in the SSMP category, between 23 Mgha-1 and 39 Mgha-1 in the non-SSMP areas, and between Mgha-1 25 and 42 Mgha-1 in forested soils.
This study confirmed that the effects of SSM practices will create not only favorable soil conditions in agriculture lands, but also enhance stocks of SOC which will help in addressing the global concern of reducing carbon dioxide emissions from the agriculture sector. The policy implications of these findings are that the agriculture sector should attempt to access global climate funds in return for the adoption of SSM practices as one measure that can contribute to mitigating greenhouse gas emissions.
